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Observation of Υ(2S)→ γηb(1S) decay
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We report the observation of Υ(2S) → γηb(1S) decay based on analysis of the inclusive pho-
ton spectrum of 24.7 fb−1 of e+e− collisions at the Υ(2S) center-of-mass energy collected with
the Belle detector at the KEKB asymmetric-energy e+e− collider. We measure a branching frac-
tion of B(Υ(2S) → γηb(1S)) = (6.1
+0.6+0.9
−0.7−0.6) × 10
−4, and derive an ηb(1S) mass of 9394.8
+2.7+4.5
−3.1−2.7
MeV/c2, where the uncertainties are statistical and systematic, respectively. The significance of our
measurement is greater than 7 standard deviations, constituting the first observation of this decay
mode.
PACS numbers: 13.20.Gd, 14.40.Pq
Bottomonium is the system consisting of a b and b
quark bound by the strong force [1]. The heavy b
quark mass allows this system to be described by non-
relativistic effective field theory, in addition to phe-
nomenological and lattice methods. e+e− colliders can
directly produce excited bottomonium states, Υ, whose
radiative decays access the lowest energy spin-singlet bot-
tomonium state, ηb(1S). The properties of the ground
state are expected to be reliably theoretically calcula-
ble. Study of the ηb(1S) can further our understanding
of the nature of quantum chromodynamics in the non-
perturbative regime.
The ηb(1S) was discovered by the BaBar experiment
in Υ(3S) → γηb(1S) decay [2]. Further evidence was
provided by BaBar in Υ(2S) → γηb(1S) decay [3], and
subsequently by the CLEO experiment [4]. These analy-
ses studied the inclusive photon spectrum from Υ decays
to measure the ηb(1S) mass (mηb(1S)) and production
branching fractions based on the photon line associated
with the hindered M1 radiative transition. In contrast,
subsequent mηb(1S) measurements from the Belle exper-
iment have used hb(nP )→ γηb(1S) decays produced via
Υ(5S) → π+π−hb(nP ) [5] and Υ(4S) → ηhb(1P ) [6],
where n = 1 and 2. By measuring the recoil mass against
π+π−γ, and the mass difference between the π+π− and
π+π−γ, and η and ηγ, recoil masses, the Belle exper-
iment was able to make a complementary measurement
ofmηb(1S). Other recent measurements have offered com-
pelling but circumstantial information [7, 8].
A striking feature of these results is that BaBar and
CLEO find mηb(1S) = 9391.1 ± 2.9 MeV/c2, whereas
Belle measures 9401.6 ± 1.7 MeV/c2. This discrepancy
is at the level of 3.1 standard deviations (σ). This may
be due to experiment-specific systematic effects, or per-
haps lineshape distortion in the M1 transition analogous
to J/ψ → γηc(1S) [9, 10]. There are a large num-
ber of ηb(nS) (where n = 1 and 2) mass and width
predictions from phenomenological quarkonium poten-
tial models, non-relativistic QCD, and lattice calcula-
tions [11]. Theory predictions of the branching fractions
vary widely for Υ(2S)→ γηb(1S) decays in the range of
(2 − 20) × 10−4 [12], and the single experimental mea-
surement is (3.9 ± 1.5)× 10−4 [3]. Further ηb(1S) mea-
surements are necessary for resolving these issues, and
reducing the experimental uncertainty in order to dis-
criminate between competing theoretical predictions.
In this Letter, we report a new measurement of
Υ(2S) → γηb(1S) decay. By examining the inclusive
photon spectrum, we identify the energy peak associ-
ated with this radiative transition, and use it to de-
termine mηb(1S) and the branching fraction B(Υ(2S) →
γηb(1S)). This analysis is based on 24.7 fb
−1 of e+e− col-
lision data at the Υ(2S) center-of-mass (CM) energy col-
lected with the Belle detector at the KEKB asymmetric-
energy e+e− collider [13]. This data set is equivalent to
(157.8 ± 3.6) × 106 Υ(2S) events [14], the largest such
sample currently in existence.
The Belle detector is a large-solid-angle magnetic spec-
trometer consisting of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters, a barrel-like ar-
rangement of time-of-flight scintillation counters, and an
electromagnetic calorimeter (ECL) comprised of CsI(Tl)
crystals. All these are located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. The
ECL is divided into three regions spanning θ, the an-
gle of inclination in the laboratory frame with respect
to the direction opposite the e+ beam. The ECL back-
ward endcap, barrel, and forward endcap, cover ranges
of −0.91 < cos θ < −0.65, −0.63 < cos θ < 0.85, and
0.85 < cos θ < 0.98, respectively. An iron flux return
located outside of the magnet coil is instrumented with
resistive plate chambers to detectK0L mesons and muons.
The detector is described in detail elsewhere [15]. The
4data collected for this analysis used an inner detector
system with a 1.5 cm beampipe, a 4-layer SVD, and a
small-cell inner drift chamber.
A set of event selection criteria is chosen to enhance the
ηb(1S) signal while reducing backgrounds from poorly de-
tected photons, π0 decays, nonresonant production, and
other Υ decays. These criteria are determined by maxi-
mizing the figure of merit S/
√
S +B (where S and B are
the number of expected signal and background events, re-
spectively) for each variable under consideration in an it-
erative fashion. A subset of ∼5% of the total Υ(2S) data
is used as the control sample for optimizing the selection.
To avoid potential bias, these events are discarded from
the final analysis. Large Monte Carlo (MC) samples of
simulated Υ(2S) → γηb(1S) events are used as the sig-
nal input, assuming the branching fraction from [3] and
ηb(1S) decaying to a pair of gluons. Particle production
and decays are simulated using the EVTGEN [16] pack-
age, with PHOTOS [17] for modeling final-state radiation
effects, and PYTHIA [18] for inclusive bb decays. The in-
teractions of the decay products with the Belle detector
are modeled with the GEANT3 [19] simulation toolkit.
This analysis studies radiative bottomonium transi-
tions based on the energy spectrum of the photons in
each event. Photon candidates are formed from clusters
of energy deposited in crystals grouped in the ECL. Clus-
ters are required to include more than a single crystal.
The ratio of the energy deposited in the innermost 3× 3
array of crystals compared to the complete 5 × 5 array
centered on the most energetic crystal is required to be
greater than or equal to 0.925. Clusters must be isolated
from the projected path of charged tracks in the CDC,
and the associated electromagnetic shower must have a
width of less than 6 cm. Due to increased beam-related
backgrounds in the forward endcap region, and insuffi-
cient energy resolution in the backward one, we consider
only clusters in the ECL barrel region for this analy-
sis, reducing the geometric acceptance by approximately
half.
The inclusive photon sample is drawn from events pass-
ing a standard Belle definition for hadronic decays. This
requires at least three charged tracks, a visible energy
greater than 20% of the CM beam energy (
√
s), and a
total energy deposition in the ECL between 0.2
√
s and
0.8
√
s.
We consider the cosine of the angle θT between the
photon and the thrust axis calculated in the e+e− CM
frame as a discriminant. In a given event, the thrust
axis is calculated based on all charged particle tracks
and photons except the candidate photon. For contin-
uum background events the photon direction tends to be
aligned or anti-aligned along the thrust axis, whereas the
distribution for signal events is isotropic. Therefore to
reduce this background we require | cos θT | < 0.85.
To remove backgrounds from π0 → γγ decays, each
photon candidate is sequentially paired with all remain-
ing photon candidates in the event, and vetoed if the
resulting invariant mass (Mγγ) is consistent with that of
a π0 (mpi0) [20]. In order to improve purity and reduce
combinatorial background, a requirement on the mini-
mum energy of the second photon (Eγ2) is applied. We
require Eγ2 > 60 MeV, and |Mγγ −mpi0 | > 15 MeV/c2.
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FIG. 1: E∗γ distribution from the data for the photons passing
the selection criteria. The visible peaking structures are due
to radiative transitions to and from the χb0,1,2(1P ) states.
This analysis is concerned with the 300 < E∗γ < 800 MeV
region, indicated by vertical lines. Due to its relative size, an
Υ(2S) → γηb(1S) signal expected near 600 MeV is not seen
at this scale.
The resulting spectrum of photon energies in the CM
frame (E∗γ) is shown in Fig. 1. Below 200 MeV there are
three prominent peaks related to Υ(2S) → γχb0,1,2(1P )
transitions. The region of interest for this analysis is
300 < E∗γ < 800 MeV, where six components are ex-
pected. Photons from the Υ(2S)→ γηb(1S) signal tran-
sition will produce a peak in this distribution near 600
MeV. Direct production of Υ(1S) via initial-state radi-
ation (ISR), e+e−γISR → Υ(1S), results in a second
peak at E∗γ∼547 MeV. A series of three peaks due to
χbJ=0,1,2(1P )→ γΥ(1S) [21] transitions are centered at
∼391, ∼424, and ∼442 MeV. These peaks are Doppler-
broadened because the χbJ (1P ) states originate from
Υ(2S)→ γχbJ(1P ) decays, and are therefore not at rest
in the CM frame to which we boost the photon energy
for this analysis. As such, they also overlap one another.
These peaking features are all found above a very large,
smooth, inclusive photon background that diminishes as
energy increases.
The lineshape parameters and efficiencies are deter-
mined from the MC samples. The ηb(1S) and χbJ(1P )
transitions are described by a variation on the Crystal
5Ball function [22]: a bifurcated Gaussian with individ-
ual power-law tails on either side. We assume a natural
width for the ηb(1S) of Γηb(1S) = 10
+5
−4 MeV [20]. A
Gaussian with a low-side power-law tail [22] is used to
model the ISR-produced Υ(1S) signal. The underlying
background lineshape is parameterized by an exponen-
tial function with a sixth-order polynomial. This was
selected based on the best fit of 1.7 fb−1 of continuum
background data collected at an energy 30 MeV below
the Υ(2S) resonance.
With the above selection criteria our efficiency (ǫ) for
the peaking processes ranges from 26 to 32%, depending
on the mode (Table I). The hadronic and photon selec-
tions are nearly completely efficient for signal, while the
thrust axis and π0 veto requirements reduce ǫ by ∼80%
and ∼85% respectively. Photon energy resolution in the
CM frame varies from approximately 8 to 12 MeV. Both
quantities increase with energy.
The photon energy scale and resolution are verified
with multiple independent control samples. The Belle
Υ(2S) data were collected in two separate time periods
with different operating characteristics. We apply an en-
ergy scale adjustment in order to ensure correspondence
of the χbJ(1P ) → γΥ(1S) transition energies in both of
the periods. To account for differences between MC sim-
ulation and data, we fit the energy spectrum with the
MC-determined lineshapes for the Υ(2S) → γχbJ(1P )
and χbJ(1P )→ γΥ(1S) transitions, allowing the energy
scale and resolution to vary in order to reproduce the ex-
pected E∗γ values [20] of the χbJ (1P ) peaks in data. We
linearly extrapolate the measured energy scale shift and
resolution broadening to the ηb(1S) energy region, and
correct the expected signal lineshape accordingly.
We perform a binned maximum-likelihood fit to data in
the region of 300 < E∗γ < 804 MeV including all six peak-
ing components and the exponential background. The
yields, energy peak values, and background polynomial
coefficients are allowed to vary. In χbJ(1P ) → γΥ(1S)
transitions we find the J = 0 component, known to be
suppressed compared to the J = 1 and 2 transitions, to
be absorbed into the other nearby peaks. We fix the
J = 0 peak position in the fit, and measure a yield con-
sistent with zero. The results of the fit are shown in Fig.
2 and summarized in Table I. Branching fractions are
calculated by dividing the yield by the MC-determined
efficiency and number of Υ(2S) events ((149.6±3.4)×106
with the optimization sample excluded). The value for
χbJ (1P ) modes includes the Υ(2S) → γχbJ(1P ) transi-
tion. The goodness of fit is given by a χ2 per degrees of
freedom of 261.5/237, giving a p-value of 0.132.
We consider three categories of systematic uncertain-
ties in this analysis: those related to energy calibration,
fit parametrization, and all other uncertainties. These
are listed in Table II, and are summed in quadrature.
As verification of the energy calibration, we consider
a complementary method based on the photon energy
in the laboratory frame, similar to previous Belle stud-
ies [5, 6]. We derive Eγ-dependent corrections to the
photon energy according to the comparison between MC
and data for D∗0 → D0(K±π∓)γ, inclusive η → γγ,
and exclusive χb1,2(1P )→ γΥ(1S)(µ+µ−) decays. After
applying these corrections, only a small remaining reso-
lution broadening, taken as a systematic uncertainty, is
required to be applied to the related E∗γ values to best re-
produce the χbJ(1P )→ γΥ(1S) transitions in data. The
ηb(1S) results obtained by these two independent meth-
ods agree closely (within 0.2 MeV), providing confidence
in our assessment of the energy calibration.
Measurement of the ISR peak position is used to esti-
mate the uncertainty of the ηb(1S) transition energy. For
this purpose, we adopt the symmetrized combination of
the statistical uncertainty from the fit and contributions
from the world average Υ mass uncertainties [20]. This
value is greater than the maximal difference obtained
by repeating the analysis under both energy calibration
methods and while varying the derived calibration pa-
rameters within ±1σ, providing the most conservative
bound on this uncertainty.
Alternative parameterizations of the ηb(1S) transition
lineshape are considered by refitting the data using a
Breit-Wigner functional form, including the case with ad-
ditional E∗3γ corrections suggested for some quarkonium
transitions [10]. The latter leads to a +2.6 MeV shift
in interpretation of the ηb(1S) transition energy. The
fit is repeated with higher-order E∗γ contributions con-
sidered, but their relative strength cannot be resolved in
this anlaysis, and lead to a small additional systematic
uncertainty. We account for uncertainty in the natural
ηb(1S) width by refitting the data according to MC sam-
ples generated with the nominal value varied by ±1σ [20].
By comparing χ2 goodness-of-fit results under a variety
of different assumed values in this range, we verify that
our data are consistent with this nominal value. We vary
the background shape by changing the degree of the poly-
nomial in the exponential to five and seven, and refitting
the data. We also repeat the fit with the background
shape fixed to the parameters determined by using only
the ISR and ηb(1S) sidebands: 300 < E
∗
γ < 500 MeV and
650 < E∗γ < 800 MeV. The fit is repeated with a χb0(1P )
yield fixed to the expected value, and the difference in
results from its effect on the background shape is taken
as a systematic uncertainty. The systematic effects of fit-
ting with a finer binning of 1 MeV and with an extended
range to 900 MeV are also considered.
We assign an overall photon reconstruction efficiency
uncertainty of 2.8% based on previous Belle studies of
photons in a similar energy range [23]. The uncertainty
on the number of Υ(2S) events was determined from a
study of hadronic decays to be 2.3% [14]. We repeat the
measurement of the χb1,2(1P ) transitions with each se-
lection criterion excluded in turn, and take the difference
as the systematic uncertainty related to our modelling of
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FIG. 2: The inclusive photon spectrum after subtraction of the background component of the fit. The black curve indicates the
fit to the data, and the gray curves indicate the individual signal components. The χb1,2(1P ) → γΥ(1S) transitions at ∼424
and ∼442 MeV are dominant. The inset contains the same information with the scale chosen to highlight the ISR and ηb(1S)
signal peaks, appearing at ∼550 and ∼600 MeV, respectively.
TABLE I: Summary of results. Yield is expressed in thousands of events, with statistical uncertainty only. B represents the
relevant branching fraction, and E∗γ the corrected transition energy.
Mode Yield (103) ǫ (%) B (%) E∗γ (MeV)
χb1(1P )→ γΥ(1S) 964 ± 8 26.4 2.45±0.02
+0.11
−0.15 423.1±0.1±0.5
χb2(1P )→ γΥ(1S) 503 ± 6 28.9 1.17±0.01
+0.06
−0.07 442.1±0.2
+0.5
−0.6
ISR Υ(1S) 29.2+2.9
−3.2 30.0 - 547.2
+0.6+1.3
−2.3−3.2
Υ(2S)→ γηb(1S) 28.8
+2.6
−3.2 31.6 (6.1
+0.6+0.9
−0.7−0.6)×10
−2 606.1+2.3+3.6
−2.4−3.4
the efficiency. Derived quantities related to masses and
expected CM energies use the world average values and
their associated uncertainties [20].
The corrected peak E∗γ values of the χb1,2(1P ) tran-
sitions are in good agreement with the world average
values (in parentheses) [20]: 423.1 ± 0.1 (423.0 ± 0.5)
MeV and 442.1 ± 0.2 (441.6 ± 0.5) MeV, where the ex-
perimental uncertainties are statistical only. For the
χb1,2(1P ) → γΥ(1S) branching fractions, we measure
(2.45± 0.02+0.11−0.15)% and (1.17± 0.01+0.06−0.07)%. These val-
ues are consistent with the average of the most recent
directly measured values from CLEO [24] and BaBar
[7, 25]: (2.40± 0.08)% and (1.33± 0.05)%. A significant
peak from ISR Υ(1S) events is observed with a corrected
E∗γ value of 547.2
+0.6+1.3
−2.3−3.2 MeV, in agreement with the
expectation of 547.2± 0.4 MeV [20]. The measured ISR
signal yield is (29.2+2.9+5.4−3.2−0.9) × 103 events. This corre-
sponds to the expectation of (27± 3)× 103 events based
on the second-order calculation from [26] and our photon
efficiency and ECL angular coverage.
We measure (28.8+2.6+4.2−3.2−2.2) × 103 Υ(2S) → γηb(1S)
events, equivalent to a branching fraction of
(6.1+0.6+0.9−0.7−0.6)× 10−4. This is in agreement with the most
recent lattice QCD calculation of (5.4 ± 1.8) × 10−4
[12]. This value is compatible with the previous BaBar
measurement of (3.9±1.5)×10−4 [3]. We measure a tran-
sition energy of E∗γ = 606.1
+2.3+3.6
−2.4−3.4 MeV, to be compared
with 609.3+5.0−4.9 MeV in the similar decay mode in BaBar.
If we consider a transition lineshape proportional to E∗3γ ,
unlike previous analyses of the M1 radiative transition
[2–4], the interpretation of the data produces a mass
measurement of mηb(1S) = 9394.8
+2.7+4.5
−3.1−2.7 MeV/c
2. This
is in agreement with the current world average value of
9399.0± 2.3 MeV/c2 [20]. This is between previous Belle
hb-based measurements [5, 6] and those from radiative
Υ decays [2–4], consistent with the former at the level of
1.2σ, and 0.7σ for the latter. The statistical significance
of this measurement is estimated to be 8.4σ, determined
from the difference in the likelihood between the results
with and without an ηb(1S) component included. Even
7TABLE II: Summary of systematic uncertainties, divided into those affecting the photon-energy measurement and the overall
branching fractions.
E∗γ (MeV) Branching Fraction (%)
Effect χb1(1P ) χb2(1P ) ISR ηb(1S) χb1(1P ) χb2(1P ) ISR ηb(1S)
E∗γ calibration ±0.5 ±0.5
+1.2
−2.2 ±2.5
+0.1
−0.0
+0.1
−0.0
+1.9
−0.0
+1.1
−0.0
Γηb(1S) ±0.0 ±0.0
+0.2
−0.0 ±0.3
+0.2
−0.1
+0.0
−0.2
+1.1
−0.0
+9.9
−4.5
Signal shape ±0.0 ±0.0 +0.3
−0.4
+2.6
−1.0
+0.0
−0.1
+0.0
−0.1
+1.2
−0.2
+10.6
−0.1
Background shape +0.1
−0.0
+0.2
−0.0
+0.1
−2.0
+0.0
−2.1
+0.7
−0.1
+0.1
−0.2
+18.6
−1.7
+7.5
−2.2
Bin/range +0.0
−0.2
+0.0
−0.4
+0.4
−0.5
+0.0
−0.5
+0.0
−1.3
+2.7
−0.0
+1.6
−0.0
+0.0
−4.9
N(Υ(2S)) - - - - ±2.3 ±2.3 ±2.3 ±2.3
γ efficiency - - - - ±2.8 ±2.8 ±2.8 ±2.8
Selection criteria - - - - +2.4
−4.8
+2.4
−4.8
+2.4
−4.8
+2.4
−4.8
Total ±0.5 +0.5
−0.6
+1.3
−3.2
+3.6
−3.4
+4.4
−6.1
+5.1
−6.0
+18.7
−5.7
+15.3
−9.2
after considering yield-related systematic uncertainties,
the signal significance exceeds 7σ. This result represents
the first significant observation of the Υ(2S)→ γηb(1S)
decay mode. We look forward to additional dedicated
bottomonium data samples from the Belle II experiment
to mitigate energy scale uncertainties and provide
greater ability to interpret radiative M1 transition
lineshape effects.
We thank the KEKB group for excellent operation
of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET5 network support. We acknowledge support from
MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC (Aus-
tralia); FWF (Austria); NSFC and CCEPP (China);
MSMT (Czechia); CZF, DFG, EXC153, and VS (Ger-
many); DST (India); INFN (Italy); MOE, MSIP, NRF,
RSRI, FLRFAS project and GSDC of KISTI (Korea);
MNiSW and NCN (Poland); MES, 14.W03.31.0026 (Rus-
sia); ARRS (Slovenia); IKERBASQUE and MINECO
(Spain); SNSF (Switzerland); MOE and MOST (Tai-
wan); and DOE and NSF (USA).
[1] See N. Brambilla et al., Eur. Phys. J. C 71, 1534 (2011)
and the references therein.
[2] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett.
101, 071801 (2008).
[3] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett.
103, 161801 (2009).
[4] G. Bonvicini et al. (CLEO Collaboration), Phys. Rev. D
81, 031104 (2010).
[5] R. Mizuk et al. (Belle Collaboration), Phys. Rev. Lett.
109, 232002 (2012).
[6] U. Tamponi et al. (Belle Collaboration), Phys. Rev. Lett.
115, 142001 (2015).
[7] J.P. Lees et al. (BaBar Collaboration), Phys. Rev. D 84,
072002 (2011).
[8] S. Dobbs et al., Phys. Rev. Lett. 109, 082001 (2012).
[9] R.E. Mitchell et al. (CLEO Collaboration), Phys. Rev.
Lett. 102, 011801 (2009); erratum-ibid. 106, 159903
(2011); V.V. Anashin et al., Phys. Lett. B 738, 391
(2014); M. Ablikim et al. (BESIII Collaboration), Phys.
Rev. Lett. 108, 222002 (2012).
[10] N. Brambilla, Y. Jia, and A. Vairo, Phys. Rev. D 73,
054005 (2006); N. Brambilla, P. Roig, and A. Vairo, AIP
Conf. Proc. 1343, 418 (2011).
[11] A review is provided in T.J. Burns, Phys. Rev. D 87,
034022 (2013).
[12] Many theoretical predictions appear in the literature;
here we refer to only a small recent sample. For poten-
tial models: S. Godfrey and K. Moats, Phys. Rev. D 92,
054034 (2015); J. Segovia et al., Phys. Rev. D 93, 074027
(2016). For lattice QCD: C. Hughes et al. (HPQCD Col-
laboration), Phys. Rev. D 92, 094501 (2015). For non-
relativistic QCD: A. Pineda and J. Segovia, Phys. Rev.
D 87, 074024 (2013).
[13] S. Kurokawa and E. Kikutani, Nucl. Instr. Meth. A
499, 1 (2003), and other papers included in this volume;
T. Abe et al., Prog. Theor. Exp. Phys. 2013, 03A001
(2013) and references therein.
[14] X.L. Wang et al. (Belle Collaboration), Phys. Rev. D 84,
071107(R) (2011).
[15] A. Abashian et al. (Belle Collaboration), Nucl. Instr.
Meth. A 479, 117 (2002); also see detector section
in J. Brodzicka et al., Prog. Theor. Exp. Phys. 2012,
04D001 (012).
[16] D.J. Lange et al., Nucl. Instr. Meth. A 462, 152 (2001).
[17] E. Barberio and Z. Wa¸s, Comput. Phys. Commun. 79,
291 (1994).
[18] T. Sjo¨strand, S. Mrenna, and P. Skands, Comput. Phys.
Commun. 178, 852 (2008).
[19] R. Brun et al., GEANT 3.21, CERN Report DD/EE/84-
1 (1984).
[20] C. Patrignani et al. (Particle Data Group), Chin. Phys.
C 40, 100001 (2016) and 2017 update.
[21] We use the notation χbJ to collectively refer to the J =
0, 1, 2 transitions.
[22] T. Skwarnicki, Ph.D. thesis, Institute for Nuclear
Physics, Krakow 1986; DESY Internal Report, DESY
F31-86-02 (1986).
[23] U. Tamponi et al. (Belle Collaboration), Eur. Phys. J. C
878, 633 (2018).
[24] M. Kornicer et al. (CLEO Collaboration), Phys. Rev. D
83, 054003 (2011).
[25] J.P. Lees et al. (BaBar Collaboration), Phys. Rev. D 90,
112010 (2014).
[26] M. Benayoun et al., Mod. Phys. Lett. A 14, 2605 (1999).
